1
Introduction 31
The gut microbiota plays an important role in human nutrition and health, leading to increasing interest in 32 modulation of the gut microbiome via dietary interventions for improving human health (1-3). 33
Compounds that can be selectively metabolized by microbes in the gut resulting in beneficial effects on 34 the host are defined as prebiotics (4). While some phenolic compounds and fatty acids are suspected to 35 have prebiotic activities, most known prebiotics are dietary carbohydrates that are neither digested or 36 absorbed in the human small intestine, thus capable of reaching the colon and promoting the growth of 37 selective beneficial bacteria (4, 5). These bacteria, in turn, can prevent the colonization of pathogens or 38 produce metabolites that are beneficial for the human body, mostly notably short chain fatty acids 39
(SCFAs) such as acetate, propionate and butyrate. These SCFAs not only contribute directly to host 40 energy metabolism but have a number of positive effects on host physiology. Butyrate is the major energy 41 source for colonocytes and enterocytes (6), and can also activate gluconeogenesis, modulate inflammatory 42 responses and cytokine levels via G protein-coupled receptors or histone deacetylases (7) . Similarly, 43
acetate and propionate are involved in the regulation of host immune or metabolic systems (7, 8) . Thus, 44
selection for prebiotics has largely focused on those that allow the proliferation of bacteria that maximize 45 production of SCFAs (5, 9, 10) . 46 SCFA fermentation from carbohydrates by the gut microbiota is often coupled with the production of 47
gases. Production of H2 is often necessary for the cycling of NAD + /NADH during fermentation, and CO2 48
is released whenever decarboxylation occurs (11). H2 can be further utilized by methanogens and sulfate 49 reducers for the production of CH4 and H2S (12). Most intestinal gas is absorbed into the bloodstream and 50
removed via the lungs (13), but it can still have physiological effects on the human body. The volume of 51 gas production can affect the distension of the colonic wall and in turn affect the speed of material 52 transition through the colon (14) . Methane production can result in slowed intestinal transit and reduced 53 serotonin levels in the gastrointestinal tract, potentially impacting constipation predominant irritable 54 bowel syndrome (IBS-C) and chronic constipation (15) . Therefore, gas production may be an important 55 factor to consider in the selection of prebiotics, especially since bloating is a major symptom for many 56
functional gut disorders such as IBS (16) . 57
Many prebiotics are already known to impact fermentation products. For example, short-chain 58 fructooligosacchaides (FOS) and inulin are some of the most extensively documented prebiotics because 59 they promote the growth of Bifidobacteria and increase SCFA production (4, 5). In addition, the low 60
FODMAP (fermentable oligosaccharides, disaccharides, monosaccharides, and polyols) diet that has been 61
shown to improve the symptoms of some IBS patients, because foods containing FOS and inulin can 62 increase luminal distension and gas production (17, 18). Thus, it may be valuable to identify prebiotics 63 that maximize SCFA and minimize gas production, or minimizes the production of specific gases. 64
However, few studies that consider the efficacy of prebiotics simultaneously take gas and SCFA 65 production into account, and systematic investigations on factors that affect gas production in prebiotic 66 fermentation are lacking. 67
In this study, we investigate whether the chemical composition of the prebiotic and heterogeneity in the 68 composition of gut microbiota can affect the content and volume of gas production during prebiotic 69 fermentation. We compare the fermentation products of two common prebiotics, inulin and pectin, both 70
theoretically via linear systems modeling and experimentally via an ex vivo framework that measures gas 71
and SCFA production of stool microbiota responding to fiber addition (19) . We find that inulin, a more 72 reduced carbohydrate, produces more H2 compared to pectin, but the amount of H2 production is strongly 73 associated with a Lachnospiraceae amplicon sequencing variant (ASV). Inulin also yielded greater 74 amounts of the more reduced SCFA butyrate and less acetate. Methane production is, however, less 75 affected by the chemical nature of the substrate, being entirely dependent on the level of Methanobacteria 76 in the microbiota. Overall, these results suggest that the production of different gases upon prebiotic 77 fermentation by gut microbiota are differentially affected by the chemical nature of the prebiotic and 78 microbiome composition. 79
80
Results 81
Modeling community production with mass and electron balance 82
To explore the general effect of prebiotic chemical composition on fermentation product formation, we 83
established a linear systems model that allowed us to determine the theoretical range of product output 84 considering mass and electron balance. Considering a system of n chemicals as possible inputs and 85 outputs, made up of a total of m chemical elements, we defined a matrix M in which the rows represent 86 different elements and columns represent different chemicals; the elemental composition of a chemical is 87 thus a column in M. The total number of valence electrons in the chemical is also counted as an 88
"element", and consists of a separate row in M. Thus, any reaction that satisfies both mass and electron 89
balance is a n-dimensional vector s, whose elements are the stoichiometric coefficients of the chemicals in 90 M, and satisfy Ms=0 (See Figure 1a for a more detailed representation). By definition, s must be within 91
the null space of M. The feasible product space of the biological system, represented by the elements in s 92 that are coefficients of the possible products, is thus a convex cone defined by the linear combinations of 93 the basis vector of null(M). Since our model did not account for the thermodynamic constraints on the 94 metabolic fluxes within the system, it represented an upper limit of the feasible product space. 95
Feasible product space of pectin fermentation is more limited compared to inulin 96
We applied our model to compare the feasible product space for the fermentation of 1 mol of inulin 97
(C6nH10n+2O5n+1) to that of 1 mol of pectin (C6nH8n+2O6n+1) in a closed system. Since we were modeling 98 product output from carbohydrate input, we only included C, H, O and valence electrons as rows in our 99 matrix M. For products (columns) in M, we included the three most abundant SCFAs in the gut (acetate, 100
propionate and butyrate), the three major components of intestinal gas (H2, CH4, and CO2), as well as 101
water and biomass [represented by CH1.8O0.5N0.2, the mean chemical formula for microbial biomass (20), 102 Figure 1b ]. All product concentrations were restricted to be non-negative to simulate a closed system (i.e. 103 product formation is solely from fiber input). Our model showed that in a closed system, the product 104 space of pectin was more restricted than inulin ( Figure S1 ); in particular, inulin had more potential for H2 105 production, while pectin had more potential for the production of CO2 ( Figure 1c ). The results of our 106 model are in accordance with the simple intuition that a more oxidized substrate (pectin) would lead to 107 more production of oxidized products such as CO2 and less production of reduced products such as H2. 108
Model predictions were conserved even if further constraints were placed on the system, i.e. 15% of C in 109 the fiber is converted into biomass as in a typical carbohydrate fermentation [ Figure S2a , S2b, S2c (21)]. 110
Pectin degradation takes up reducing agents from the environment 111
We next asked if our theoretical predictions could be experimentally validated using an ex vivo 112 framework in which we measured the response of stool microbiota to fiber addition. First, stool from 9 113 healthy human subjects was homogenized with phosphate saline buffer (PBS) under anaerobic conditions 114
to create a fecal slurry. The slurry was then incubated in serum bottles at 37°C starting with 100% N2 in 115 the headspace, with inulin, pectin, cellulose, or no additional fiber input (Figure 2a ). Since our 116 preliminary testing showed that fiber degradation in this system was almost entirely complete within 24h 117
(19), we used the gas and SCFA concentrations at 24h as the experimental product concentrations for 118 comparison to those predicted from our theoretical models. Because the fecal slurry itself contained a 119 certain amount of residue material from food digestion in the human body, even samples that did not 120 receive additional fiber produced gas and SCFAs; the fermentation products of a certain fiber in a sample 121 was thus determined as the difference between product concentrations measured in a sample which 122
received additional fiber and which did not. 123
Focusing on gas production in the ex vivo systems, we found that the amount of H2 produced by pectin 124
fermentation was significantly lower than that of inulin (Figure 2b , Kruskal-Wallis test, paired, p=0.004), 125 and the total amount of gas production was also lower (Kruskal-Wallis test, paired, p=0.07). However, 126
we did not observe a higher amount of CO2 production in pectin fermentation compared to inulin 127 fermentation as theoretically predicted; in fact, the measured CO2 productions from pectin fermentation 128 did not fall within the previous theoretically predicted range ( Figure 3a ). This was also the case for 129 acetate production in some samples that fermented inulin. Since our model only considers the most basic 130 laws of chemistry and represents the maximum possible theoretical product range for a closed system, we 131
hypothesized that the experimental violation of the results from the theoretical model was due to 132 assuming that our experimental system was closed. Indeed, despite the serum bottle being a closed system 133 with no material exchange with the environment outside of the bottle, fermentation of the additional fiber 134
should be seen as a subsystem that can exchange products with the other subsystem in the bottle that 135 ferments residue material in the fecal slurry. 136
We thus investigated what input the "fiber subsystem" would need from the "residue subsystem" for the 137 measured CO2 to fall within the feasible product range determined by the theoretical model. Since on 138
average the samples that did not receive additional fiber produced approximately 1/3 as much gas and 139
SCFAs compared to those that did ( Figure S4 ), we limited the input from the residue subsystem to the 140 equivalent amount of product that can be produced by 1/3 mol of inulin or pectin. Allowing one input at a 141 time, we found that only when H2 or CH4 was used as input would the measured CO2 fall within the 142 predicted range (Figure 2c ). Although we did not observe net uptake of either H2 or CH4 in our 143 experimental data, but because both H2 and CH4 are chemicals with reducing power, there was likely 144
influx of other reducing substrates not presented in our model from the "residue subsystem" to the "fiber 145 subsystem". Thus, in our ex vivo system, pectin degradation not only had a lower net production of H2 146 compared to inulin, but also took up reducing agents from the surrounding environment. We thus 147 speculate that when pectin is degraded in the human gut, it is also taking up reducing agents-a process 148
for which consequences are unclear and possibly worth further investigation. 149 H2 and Acetate distinguishes the product profile of inulin and pectin degradation, but inter-150 personal variation of gas production is large 151
We next asked if the overall product profiles of inulin degradation and pectin degradation can be 152
distinguished from each other, and whether changing fiber or microbial community contributed more to 153 the variation in product profiles. We found that product profiles primarily clustered by fiber and not 154 human subjects (Figure 4 ). Given that inulin fermentation generated significantly more H2 and less 155 acetate compared to pectin (Figure 2b ), we hypothesized these are the two major products that allowed 156
the product profiles of inulin and pectin fermentation to be distinguished. Indeed, after training a Random 157
Forest Classifier to predict whether a product profile was the result of inulin or pectin fermentation 158 (AUC=1, p=0.03, paired t-test, two-sided), we found that H2 and acetate were the two most important 159
features for predicting the fiber of fermentation ( Figure S3 ). Not only did the oxidation state of the fiber 160 have impact on gas production, it also influenced SCFA production: the more oxidized substrate, pectin, 161
produced more of the most oxidized SCFA, acetate. Also, aside from H2, inulin also produced more of the 162 most reduced SCFA, butyrate ( Figure 2b) . 163
Having determined that fiber type strongly impacts product profiles, we next investigated inter-individual 164
differences. Euclidian distances between the product profiles of different fibers within the same person 165
were not significantly larger than those between different people on inulin (Mann-Whitney U test, 166
p=0.25), and slightly larger for pectin (Mann-Whitney U test, p=0.03). Thus, the microbiota of different 167
people exhibits functional heterogeneity in converting the same fibers into products of different quantities 168 and composition. 169
Relative effects of microbiome and substrate chemistry on gas production differ among gases 170
We further explored if there were signatures within the microbiomes that promoted the production of 171
gases. Since levels of H2 production were generally low for pectin fermentation, we investigated if there 172
were specific ASVs associated with net H2 production during inulin fermentation. Selecting for these 173
ASVs via Lasso regression identified a Lachnospiraceae amplicon sequencing variant (ASV) positively 174 associated with net H2 production ( Figure 5a , Pearson's r=0.95, p= 6.2×10 -5 ). Since net H2 production in 175
the gut is the difference between the total production of H2 and the total consumpution of H2 (12), and 176
Lachnospiraceae can be either hydrogen producers or consumers (22, 23), the positive association of the 177
Lachnospiraceae ASV with H2 production in the human gut may indicate that net H2 production is more 178 dependent on H2 production than consumption. Consistent with this hypothesis, H2 consumption abilities 179 of gut microbiota may be more consistent between different people compared to H2 production because of 180 the higher diversity of H2 consumption pathways (methanogenesis, reductive acetogenesis and sulfate 181 reduction) compared to production. It is, however observed that net H2 production was lowest in the 182 samples that produced methane, probably because the amount of sulfate in the ex vivo system is not 183 enough to for the most energetically favorable H2 consumption pathway, sulfate reduction, to consume all 184 the H2 produced (Supplementary text), and methanogenesis is more energetically favorable than reductive 185 acetogenesis. 186
In contrast to H2, whose production was strongly affected by substrate, we found that methane production 187 was solely dependent on whether there were detectable levels of Methanobacteria in the microbiota 188 ( Figure 5b ). Given that methane is a downstream product of H2 (Figure 5c ), we asked why methane 189 production was not affected by substrate chemistry as H2 production was. We hypothesized that this is 190 because there are generally large amounts of bacteria in the human gut that contain carbohydrate active 191 enzymes and hydrogenases that allow fiber breakdown and hydrogen production; thus the amount of these 192 enzymes are not a limiting factor, allowing hydrogen production to be instead dependent on CAZymes for inulin and pectin degradation as well as hydrogenogenic hydrogenases (Figure 5d ). The 202
percentage of subjects (20%) with detectable methanogens in the HMP data is in accordance with our 203 results: 2 out of the 9 subjects were methane producers in our ex vivo experiment. Thus, overall, the 204 production of more "general" metabolites such as H2 is more likely to be affected by the chemical 205 composition of the prebiotic, while more "rare" metabolites such as methane are more likely to be limited 206 by the organisms that produce it. 207
Discussion 208
In this study, we used a combination of theoretical models and an ex vivo experimental framework to 209 examine how the chemistry of prebiotics and the composition of the gut microbiota influence gas 210 production during prebiotic fermentation by gut microbiota. Specifically selecting two different common 211 prebiotics (inulin and pectin) with different levels of oxidation, we find that metabolites that can be 212 produced by more organisms in the human gut, such as H2, are more affected by the chemical 213 composition of prebiotics compared to metabolites that are produced by less common organisms in the 214 gut, such as methane. Overall, these results suggest that both the chemical nature of the prebiotic and the 215 individual's gut microbiome needs to be taken into account when administering prebiotics to individuals. 216
Our data also reveal that there may be general trade-offs in the production of SCFAs verses gas. For 217 example, while inulin fermentation leads to more production of the more reduced SCFA butyrate, it also 218 leads to more production of the reducing agent H2, and in turn increasing overall gas production. 219
However, which is more preferable for the subject-more production of butyrate, or less production of 220 overall gas, or just less production of H2 is often unknown and specific to the individual subject. This can 221 be further complicated if inter-individual differences in H2 and SCFA production is considered: not every 222
individual produces more butyrate when fermenting inulin. Similarly, for pectin we were able to infer by 223 comparing the experimental data to the theoretical product range that pectin degradation requires uptake 224 of reducing agents from the surrounding environment. Again, what effect this has on the host is unknown: 225 would the uptake of these reducing agents lead to the generation of more reactive oxygen species that can 226 directly attack cells in the gut epithelial barrier, interfere with iron uptake, or initiate lipid peroxidation 227 processes (24)? Would this be costlier to the host compared to generating more H2? More importantly, we 228 also lack a way to evaluate if the scale of the differences is large enough for them to count as a factor in 229 prebiotic selection. 230
These problems emphasize that the effect of prebiotics on gut and human health must be looked at from 231 both individual and systems perspectives. Often a compound is deemed as a prebiotic because it can 232 increase the growth of known beneficial microbes such as Bifidobacteria and Lactobacilli, or promote the 233 production of target metabolites. However, the full diversity of a mixed culture environment such as the 234 human gut must be considered when selecting for prebiotics: it is very hard to only selectively grow 235 organisms that produce one or a few metabolites of interest, and the effect of any by-products must be 236 considered. Inter-individual differences in product formation due to heterogeneity in gut microbiota 237 composition, as well as responses to the metabolites produced, must also be considered. Our use of 238 theoretical modeling and the ex vivo experimental system to explore gas production and its relationship to 239 SCFA production is just a beginning: these are relatively cheap and simple methods to shine light on 240 important points that should be considered in prebiotics design. were also not currently pregnant, breast-feeding or have received antibiotics treatment in the 6 months 253 leading up to the study. Enrollment occurred between June 2017 and Oct 2017. The study group included 254 4 females and 5 males, all between 25-40 years of age. 255
Linear systems model for modeling community production 256
The product space for the system Ms=0 is a polytope defined by linear combinations of the basis vectors 257
of Null(M), i.e. Bx=s. Constraints on the product space (i.e. for the closed system all elements in s 258 corresponding to products are non-negative) were used to find the vertices of the polytope of x by 259
converting the half-space representation (the intersection of half spaces, represented by Bx=s) into vertex 260
representation (set of extreme points of the polytope). Vertices of the polytope of s were calculated from 261 multiplying B with the vertices of polytope x. The vertices for s were used to draw 2D hulls for pairs of 262 products to visualize the product polytope, as in Figure 1c , 3a and 3c. When product input was allowed 263
for the system, the constraint on the element in s corresponding to the input product would be relaxed to 264 be larger than the negative of the equivalent amount of product that can be produced by 1/3 mol of inulin 265 or pectin (on average control samples produced approx. 1/3 as much SCFA and/or gas than samples with 266 inulin or pectin treatment, Figure S4 ). 267
The basis set of vectors for the null space of matrix M was calculated from the QR-decomposition of the 268 matrix using the R package "pracma"(25). The conversion of half-space representation to vertex 269 representation of polytopes were performed using the R package "rcdd"(26). 270
Setup of ex vivo system 271
The setup of the ex vivo system was the same as in Gurry et al 2020 (19) , with some adaptation for gas 272 measurements. Briefly, fresh stool samples were collected and homogenized with reduced PBS containing 273 0.1% L-Cysteine in a ratio of 1g/5ml. Fiber was spiked in to the homogenates from stock solutions such 274 that the final concentrations of fibers in the samples were as follows: control no fiber, 10g/L inulin, 5g/L 275 pectin or 20g/L cellulose. For each participant, 2mL of the final fecal slurry of each condition was added 276 in triplicates to 60mL glass serum bottles (Supelco, Bellefonte PA). The serum bottles containing the 277 samples were transferred to a vinyl anaerobic chamber filled with 100% N2, with no detectable amounts 278 of CO2 and H2, and sealed in the chamber using magnetic crimp seals with PTFE/silicone septa (Supelco, 279
Bellefonte PA). A total of 12 bottles per participant were incubated at 37°C for 24h with no shaking. 280
Gas and SCFA measurements 281
Concentrations of headspace gases were determined using gas chromatography. We used a Shimadzu GC-282 2014 gas chromatography (GC) configured with a packed column (Carboxen-1000, 5' x 1/8" (Supelco, 283
Bellefonte PA)) held at 140°C, argon carrier gas, thermal conductivity (TCD) and methanizer-flame 284 ionization detectors (FID). At the end of the 24h incubation period, subsamples of the headspace (0.20 285 cm 3 at the laboratory temperature, ca. 23°C) from each serum bottle were taken via a gas-tight syringe 286
and injected onto the column. Gas concentrations were determined by comparing the partial pressures of 287 samples and standards with known concentrations. Accuracy of the analyses, evaluated from standards, 288 was 5%. Measurements of H2 were taken using the TCD while measurements of CH4 and CO2 were 289 taken with the FID. 290 SCFA measurements were made from taking 1mL of fecal slurry from each serum bottle immediately after 291 the GC measurements were taken, and freezing the fecal slurry at -80°C until time of measurement. SCFA 292 measurements were made on an Agilent 7890B system with a FID at the Harvard Digestive Disease Core 293
(Agilent Technologies, Santa Clara, CA). Detailed procedures SCFA measurements are the same as in 294
Gurry et al 2020 (19) . Although the amount of 10 volatile acids (acetic, propionic, isobutyric, butyric, 295
isovaleric, valeric, isocaproic, caproic, and heptanoic acids) were reported, all but the acetic, butyric and 296
propionic acids were in trace amounts and we only used these three SCFAs for our models. 297
Machine learning and Statistics 298
The Principle Coordinate Analyses of the ex vivo fermentation products were performed with the R package 299 'ape' using Euclidian distance matrices (27). The Random Forest Classifier of product profiles were built 300 using the R package "randomForest" [(28), ntree=2000)]. The samples were apportioned into test and 301
training sets with a 50-50 split generated by a random seed. The ROC and AUC of the classifier were 302 calculated using the R package "pROC"(29), and the p-value of the AUC was determined by comparing 303
the classifier AUC to the AUC calculated when fiber categories of the test set sampled were randomly 304 assigned. Lasso regression was performed with the R package "glmnet" (30) and cross-validation was 305
performed with a leave-one-out approach. 306
DNA extraction, library prep and sequencing 307
The All 16S rRNA amplicon libraries were processed according to a custom pipeline based on DADA2, as 316 described in Yu et al (32) , except that only the forward reads were used due to issues in merging 317
reads. The output of the pipeline was amplicon sequencing variants (ASVs). Taxonomy for all 318 sequence variants was assigned using the RDP database. 319
Metagenome analysis 320
We downloaded 160 randomly selected metagenomes from the human stool microbial communities of 321
the Human Microbiome Project (National Institutes of Health, USA). Each metagenome was 322 rarefactioned to 20 million reads (forward+reverse) using seqtk seeded with the parameter -s100. The 323 rarefactioned metagenomes were screened in DIAMOND (maximum number of high scoring pairs 324
(HSPs) per subject sequence to save for each query=1, blastx) against hydrogenogenic hydrogenases 325 retrieved from the HydDB database (33), mcrA genes retrieved from the PhyMet database (34), and 326
CAZymes from the dbCAN database (35). Results were then filtered [length of amino acid>25 327 residues, percent identical matches>65% (mcrA and hydrogenases) or >35% (CAZymes)]. Reads were 328 eventually normalized to reads per kilobase million using the formula
. 329
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projections for all fermentation products. degradation and production of gas and SCFAs. d) Distribution of the abundance of the methanogenesis 503 marker gene mcrA, hydrogenenic hydrogenases, and CAZymes in the metagenomes of 160 different 504 people in the HMP dataset. All gene counts were increased by 10 -5 so that the log-scaled x-axis could 505 accommodate samples with zero hits. 506 Figure S1 2D projections of the feasible product space for all fermentation products 534
The full set of 2D projections of the feasible product space predicted from our theoretical model for the 535 fermentation of 1 mol inulin or 1 mol pectin. Units on all axes are mol product/mol fiber. 536 
